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The design of an open marine propulaor is a complex
\,etmir* ot Hit i prtcests. invfolving structural and hydrodynamic consideral

Iioin% I I 'II-or the hydrodynamic considerations during moat
'iK Atll' iiV t-0-114' Mt the preliminary design process, approximate miodels of the

I r. 1-, tifting surlaces are employed, e.g . the lifting-lane model (3, 4)
tor po~wering considerations, and two-dimensional flow over

uf ipiirfR I~ujve' equivalent hlade sections for cavitation performance More
~,ei~e,.,.li~..isophi~ticated models of the lifting surfaces are used for peo.

dicting fluctuating loadis and some cavitation predic-
t at %'%4Jc VAlcc 'It 11fat W, till" fion% (hlt I heir approximate models have been acceptable

41 during the preliminari design proceas and provide a basia for
I If ulairin tsirhulri hoice of the maximum diameter, advance coefficient and

radial vanations Of chord. skewi-angle, rake, thickneaa, and
lot I hiutdwilia ominpmintff iislutttt cirulation distrihutioin I he chordwise vaniation in load has

ci... r-it' diflrentr' AL"% tisall been .ekLiced during this prebiminaz %tage and is
h lite W, I lf..n lten basedt on cavitation and propulsion considerations.

( lwrdwisecii diftrncr I-nt' the final stage of the design. the meanline diatribu-
scaled to gitci unl myagniitude when tion and radial pitch variation are determined corresponding
iniroorAied a, ross the ,hord to the selections for load and geometry already available. To

derive a geometry which accurately produces the specified
I rr.r hi ur Ili, rerfrr o ti, pit, i load distribtlions, a lifting-surface model of the blades a
Angle wheti tellidl intli '. exst% reqi~ured

loftrotrtion cerrehir eliny vtcire Several procedures already exist tor performing
Illiltetit lilingt-surface calculations for wide-bladed open marine pro

tiulors In particular. two different approaches to the
isn ~ ~ Angular ctrrit~ilitt' t it itri. at analysis for blades with arbitrary locations in space have been

ri~ti,*oc lr~tiiipresented by Kerwin 171 and McMahon (Itj Kerwnsnumen-
,al analvsis procedure is. based on three fundamental aslump-

I, .'Rwib1 I I Aritttilar c,-r,linaite oI bladte tio)ns I I I that the continuous losading distibution on the
reterentr line -I hlh blade nonplanar blade surtace can he adequately approximated by

a multitude of discrete straight lines of constant-vortex
0)i1 t it kew Angler in, urtiterential inis strengrth anti that the source distribution Arising from the

PIAICvrITIe 0Ii HAIaVe Wtior mtidl thic~knesis distribution con be similarly approximated, ( 2) that
hord poinirof tft, L plin, tire minimuotm required spacing between lattice elements along

the t horilline is A$ = degrees, and f11 that the resulting
0 Is, s111 Angular tiirit .0 iiihnt on mranline shape for a given chordwise load is similar to the

blader-relerenc- %urla~r iwo-dimensional shape for the same chorniwise load The
first two assumptions are not acceptable for very narrow

N in 1 %mirticity u,,-l blade% for a blade with A 20 degree pitch .ngle at the 0 Q



radius and a chord to diametee ratio of 0.05, the 2 degree fr (x, yl on the surface S
spacing equals increments of about 1/3 chord length. The for N > NO
last assumption permits calculations to be performed using M > Mo
only a few points along the zhord and the two-dimensional
shape is fitted to the data at these points. The resulting where fNM = the approximate calculation (if a particular
computer code is relatively quick running and produces a quantity f
geometry which, in practice, has an overall speed and power-
ing performance generally within a few percent or so of the S = a region of the surface of interest
predicted values, with a general tendency to produce a
greater thrust than predicted. The procedure of McMahon N., M. 

= minimum numbers of the discrete approx-
employs continuous distributions for the loading and thick- imations for which the computed results are
ness functions and calculates the meanline from the induced within e of the values for f
velocity Consequently, data at mote chordwise points are
required to define the pitch and meanline distributions. For rotating lifting surfaces, neither measured nor analytical
The resulting computer code is lengthy to run but has shown solutions exist for details of the flow field on the blade
remarkably different meanhne shapes from the two-dimen- Hence, comparisons will be made with other procedures.
sional one at the hub and tip region of the blade where the It is assumed that numerical solutions which employ in-
meanlines can be s-shaped (8). Two models were constructed creasingly greater pointwise definition of the input variable
and experimentally evaluated to provide data on the relative without change in computed values have converged and that
cavitation and propulsion performance of designs having the the solution has converged when a smooth curve can he drawn
same input specifications but final geometry according to through point values in both the cnordwise and radial direc-
the Kerwin and McMahon procedures. Some inconsistencies tions. These assumptions are believed to be necessary but
occurred in the expenmental measurements but the thrust not sufficient for convergence.
was closer to the predicted value and the operating point
centered in the cavitation bucket for the model designed by In the following sections. the mathematical model
the McMahon method. Hence, the determination of specific of the flow field on the blade surface is first reviewed and
meanhne and pich distributions, instead of fitting the two- numerical-analysis techniques for evaluating both regular and
dimensional ,'eanline, is considered to be a superior pro- singular integrals are described. A FORTRAN computer code
cedure when the design is based on a narrow range of permis- is discussed and sample calculations using this code are pre-
sible operating conditions and the delay of cavitation is sented. From example calculations, it is found that greater
critical, accuracy in the integral evaluations is required for the deter-

mination of smooth pressure distribution curves than for the
Because the numencal-analysis procedure employed shape of the meanlse and the pitch distributions. The choice

by McMahon results in lengthy computer runs and Kerwin's of a particular chordwise loading distribution is shown to
procedure is not acceptable for narrow blades, alternative have an effect on the meanline shape and the pressure dis-
numenca-analysis schemes are investigated in this paper. tribution. The effects of rake and skew are shown to be
In addition, a detailed description of !he flow field across important on both pressure distribution and meanline shape.
the blade surface was desired as input into boundary-layer A particular thickness function has hardly any effect on pitch
calculations. Two different numerical analysis schemes are or meanline but a significant effect on pressure distribution.
described, each involving an expansion of the singular kernel
about the singular point Both approaches employ integra- MATHEMATICAL MODEL THICK LIFTING BLADF
tion of the specified thickness slope and load distribution
over the reference blade in the radial direction first and the The mathematical model of a system of rotating lifting
remaining chordwise integration then takes the form of the surfaces advancing in an unbounded irrotational flow field
veloc,',y component corresponding to two-dimensional flow with an inviscid fluid has been developed on a formal mathe-
modified by the presence of an induction factor in the matical basis by Brockett (9). A reformulation or that analysis
integral. Regular integration techniques are employed for in terms of non-dimensional surface coordinates is presented
the other blades and the shed vortex sheet The induced herein for completeness. The propulsor is assumed to be ade-
velocity components are appropriately combh-d and inte- quately represented by the blades alone, i e.. neither the hub
grated to obtain meanline shapes nor fillet from the blades to the hub is included in the blade

specification The onset flow is assumed to be directed along
The present investigation describes the real-fluid the axis of rotation but a new feature included herein is that

flow about a rotating system of lifting surfaces having both it may have a small radial component Overall geometry nota-
loading and thickness. Several approximations are made tion generally lollows the definitions given in Reterence 1I)
The first of these is the mathematical model for which
potential flow equations are -niployed and the solution to (oordinate systems are constructed with the same
first-order in thiknessto-ch td ratio. camber-to-chord rat:o orientation as in Reference 1). and in particular, the helical
and difference in pitch and flow angles derived (ompari coordinate system ft. t r)rotating with the blades is
sons with experimental results for other lifting-surfa.e shown in Figure I Unit base vectors in a right-handed
configurations lead to confidence in this hnearited approx- ('artesian relerente frame are the customary ( i, j. k I where i
imation In addition to this mathematical model, further is along the x axis and is positive pointing aft. i is along the
approximations occur in the numenal analysis ( onhidence v axis and k is along the axis which is geneTally along the
in the numerical analysis procedures is justified by Lompar reference blade Unit vectors along the helical Loordinates are
ison with analytical solutions or experimental results I hat
is. results are sought from some discretsied numencal- e sin op i s p e 
analysis procedures involving % by M approxima ions. which
have converged to within some specifted tolerance, i. ol the C - tos Op s * in Op v,"
real or analytical value of the quantity investigated Math.
ematically tho may be stated r -sin 0 1 osH k
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VERTICAL BLADE-REFERENCE where
LINEZ~ ~ A.FT LIN aF/D d c/I) a) F/I)

K AFT N -2 _ + 2 (x-0.5)
FACE. /  

1) a X R  d x r 3 x-

+E2 =x - 0 <c +  - .ll
//

To / Cos OP + in+OPST/D / , d xR I1) a x

/ [(,,2 F a I*/l)1
+2[ (1) 5 0 5 ) a

xB /sin OL os C O P

XRL it R XR

ufg I Lifting-surface geometry . sin[R - 2 X Cos ip

The blade surface is given by The normal to the blade reference surface. t, = 0. 0 < x,
xh : xR < I is

F Q 1. T(I ) 15) 1) c[]
= E,(t,, r ±T (l,r 61 Nn : - [ e2 +NR, er (0 Ji6)

where where
d ITII)= - cOp + 2 (x, -0

F, is the meanline shape, and NR 2 dxR Dp ) 0
5
(

F'- is the thickness shape 
dPI) 2

In the analysis, it is convenient to change the variables of x R - sinp
integration to (x c . xR 1 instead of (j 1, r). where d xR  R d xR n

t1 = c(x -0.5) NR, the radial component of the normal, is zero for a

constant-pitch blade which is neither raked nor skewed
R ' (n) Inl-quations(101 and(ll

and c = chordlength at radius r 1T = the total rake
D = maximum rotor diameter P = the pitch of the blade

The position vector of a point on the blade surface Op = the pitch angle, Op = tan-I I Pltt xR )l
described by Equation ( 5) is

1- 0 = the angular position of a point oin ihe blade+ ++ ,,o~5.0,, ,]+
D + c ix,-Sls n P" oOp surface. afunctionofbothx and x

*€ CriB61 (Ml - 2.•u',+2j.i~ O s 0
D )I

and a normal, directed out from the blade surface, is (9, II + sin O Ilk

N . t as X as (9) 0, = the skew angle, a function of %R
Xa a KR and

b-I + ' ( <, px

where the plus sign is used for the suLtion side ,f the blade , / 'Ii
and the negai. e sign foo the pressure side ot the blade
After some effort it Lan be shown that In the derivation (f the exprenmons tor numerihal anialvs

1F I.1-) ihe relerente surface (i 01 is of ten empl,,st ed I neraltso
el * IR r i no %pecit mention will be made (it tlitlere, r% ts een

variahle',,n the blade srtaLe anti ,on (th rrtcrrinr sful"t

In A .,rdinait s~lsirn riiallinK ,ith Iir hlades tll
luid veli its m s hr lakrn to hr the sun iAt(hr nlit li iter-d
vrlhklt And a -,. fiinttl 'l ir i .- h, *l rt'inlt , . I thi
hlade"



two m-,1 et fel J ,

I I' ( .. %

l11 , ( I, rjr. In''In I , ~n 11 n

1 ~ n 11 , OjII..1. I j r I, In

wvl''



IT "• ~ ~ o --' 4 0,I12)Iff - I"-I¢{ ,,

Ilrti r I qliijhi+n 4 "IIani hc rteui cd t', in interal ilvet I11115 l 1 'l

der qide the hade surta es ant sht 'd serl t vl ,

I wheref the .tihoil n, ,,nwlret r' I res fi, ,

i X, 'I L the tiIrip regioln whiI h xijide Ihe s it, igLi ,I

41 I I ixamiph' 1). lit region mia he square , iit i r,
t, I t ,xh  clh.enterei at r,, In the pre'ent appli ati n i t r f jil' io

region x - , + " xt , X lI , 0 l

% %hapc t the c x h luded reglon I hen t his is t , it0 .. I,

Lr% l i integral Is detne,

d ","' KJ it I llr .;' ', I Is

K I r

t

if

+ -s h

I eassitimptiiit

Iiton I sI r i s ii 1

i . that the veih its ctlined in Ithe t icld dlilts apl,
VJLi in the hoiiundar ) leads to the toilo, i i pr, i-'r

the average velocit% comrn en t on the i lade t ti

H s+s. (~ 'H)+[ (x R)'-( >"t
i
sRt.) ' R,,) + ' t

I II
. . .- " e + " .,,+ p XR + ++ i

II + i
i +I+

Jl : [jet + V+ , + vk vli(

41,pr,+ he, l r , I x xt. iR I I'll
' .- - t' r heii t ,r i't h e h e% r

i141 ,o I rr , hut this pint is ex ,ludet from X d d X ti KR, X x +

. - i rIth lim it I the in clull taken hiir I thi
1 1 .r o , ncltr~l t., I rri, there retsult% h

wherre the singilar km rol is

% I
an flt c lo~I in c % he lc

I.



'% rw J. p 4,

And IIc .Akw* f * he Adfltrn.wg wltW4 !00 1--t.
* a ' . -;,,Off, . 't,~ 14.0k4 1

t he.,f Id isi.*, .- I #. ,. I. P,
* -~ ~ ~ ~~~~ h, -7 , ~ I4. ,~ ... * 14.,.4.J.~.*4..7. .

d, 44

* ~~1, 1. A'tt It h.halc.u.

-1t. -P An.J Ift4,c P rh. .ri I. 
4
II b,

47

I e 1 . 444 1r .. S4..f~ ,t Ifd twh r ItI h Nij jfjjlint ' tIW vi

p- P* at inf nse tttl

ort,,ulation t 4, h

w44 Rp co%-. (O -

and~~~~~1 frmIIain 2) J ndN*
I hn I irs ~ . u~.'ud ift.I ..' 47 ~444w ,J%

m n p zd p Dn d 2 
h eb d 

/ W 
'pp 

\ 
h a . ..nO V~, .

4 1 444 whe, viosle (Opo -h 0)oe I 4P. -W.,n,
vJ~I4tf 4, h

4) *. 1 4 + t4%I
7
p -3t7



'it-I *.,jJ ditheil 'Ivtif Ifst (I** th

liii rjdij dinli "'mt,~r ti. rIIr u

Old kttt ,t lermri 'Ili .1 tjjlt.ih m mieainre

pI . A ~t tttI~ I the Im f,

...8O



I I.

'l> .... F <A t
'.r ,A ' ., . b , I ?.1 , * --

j i el , . , - . . V '" , lk ,~ ";l t '

II ,r. P1.I F, -SF1. jl i F F, ,I, *,. *. F
I
,

F..!; "lJ J Ill.Jl. 'I I .ll -Ii'I*l • , , i.

''j. n I I "' ,-'.

'I. F, F,.tll ll l*. Ibl l l. r . , I 1 , F, l l,

F. ,I ', ,, rliii, F'- F I .. -:

I ) .. Fg.... ..



.1

NI.,"

N

N

(I,).

)
t

N

y

I



9, ' f . I

,I ,w , t 'tR 5 , • , *

W 
L1 '

AA,4 A

Ih I ,I t inltr antl I ,i nit Urlllthon -,rt the h[4)9 '
nr,, I ije rn t he,. n n iN gnirnal 1 hitn .9 b9t At

* .9,l 9 ~ erpirni ,99o the pait,, uiat ,iml ,A91,Adinlt ,,v

ff0 liiplk X 111 , .

h I0t

( 5[ 
5 g * 9 A 9 b th e i ,n g u la r p o i,,n , k •

[A R R * %MR 5, I I k ,5, vj,

F 1 4

% here I his known value at the singular point aJllows a traighitor

I iiX R  I dx R  ward analysis procedure to he undertaken using the pr, , .

l r 0 _ _ _ _ 
previously described

trailing edges and over much of the surface for narrow blades
(maximum c/D - 0 05) have been resolved by computing
the linearized form of F IFquation 100) over the entire blade
and adding a correction term which is the difference between
the actual integrand and this linear approxmation This

Soption has been included in the computer program and is

[4A B2] (IO) defined as "linear approximation-plus-difference- When
conventional integration techniques are used every where
except at the singular point, where Equation (103) is re-
quired. the procedure is defined as "direct "

For the trailing-vortex sheet, a regular integration can
x~ ) +The strength of the vorticity is given by Equation ( 5'41 and

the induced velocity field is given b,

BIX h XR,) + 2 (x2 (,- Y whr

(x 2 Wtor "It, Oh= X d*1 10s,

II I
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